An optical code-division multiple-access (OCDMA) network for radio-over-fiber (RoF) transmissions was proposed. The network encoders/decoders (codecs) were structured based on arrayed-waveguide-grating (AWG) routers coded using modified prime codes (MPCs). In the proposed system, the lower in-phase cross correlation could reduce the beating noise, and in the proposed study, its performance was compared with that of a conventional system that uses M-sequence and Walsh-Hadamard codes. The performance of both systems was numerically evaluated by analyzing the effect of phase-induced-intensity noise (PIIN). The results showed that the new code families that had lower cross correlation can suppress the intensity of the noise and effectively cancel out the multiple-access interference (MAI) in balanced detection processes, which improved system performance. By using the proposed MPC-coded OCDMA ROF network codecs, each network required only two AWG routers to accomplish the spectral coding of radio base stations (RBSs) and the decoding of control stations (CSs), resulting in a simple and low-cost system. Therefore, it is possible to produce interference-and crosstalk-free optical CDMA systems for RoF transmissions.
INTRODUCTION
advantage is that it can filter out the out-of-band optical crosstalk in the proposed system. In-band optical crosstalk is the most important noise in AWG-based systems, especially when the number of users becomes high. To reduce such optical crosstalk, only one input port was connected in the AWG routers, and it could avoid multiple inputs that were on the same wavelength and interfere with each other in the output ports. Based on the signals in the proposed RoF system, the worst outcome that could result from the proposed system occurred when all RBSs transmitted maximum power and caused the most PIIN.
In this study, an interference-free and low-crosstalk-effect RoF system structured with AWG router [15] codec coding with modified prime code (MPC) was proposed. The scheme can reduce the physical size of the coder and can also be constructed without any sampling technique and aliasing canceller. The bit-errorrate (BER) performance of the proposed scheme with MPC is superior to that of the conventional SAC with complementary Walsh-Hadamard (CWH), M-sequence, and Walsh-Hadamard code in the RoF system. The proposed SAC-OCDMA system utilizes broadband light sources and AWG routers. MPCs were employed for each radio signal by directing the light from incoherent sources to one input port of the AWG encoder, and then an AWG router was used to generate the amplitude spectrum of codewords to the combiner. The proposed system required only two AWG routers to encode/decode. The advantage of this method is that it simplifies the system and reduces the cost.
The remainder of this paper is organized as follows. In Section 2, a spectral encoding scheme using MPC is described. In Section 3, the system encoder and decoder are presented. Examples are given code length N = 12 to clarify the operation of the proposed system processes. Section 4 evaluates the performance of the proposed system in terms of carrier-to-noise ratio (CNR) and BER for the PIIN scenario. Finally, conclusions are presented in Section 5.
SPECTRAL ENCODING SCHEME USING THE MODIFIED PRIME CODES
A family of prime codes with ideal cross correlations has been proposed for each prime number p in [5] . This prime code is constructed based on GF(p), where p is a prime number. Similarly, it can be modified to obtain a new code for the SAC-OCDMA network. Thus, the new proposed code family (p 2 + p, p + 1, 1), which is referred to as the MPC, can be constructed based on the above definition, using the following steps.
Step 1: Let GF(p) denote a finite field of p elements. A number sequence y α,β (s) is constructed with elements of GF(p) over an odd prime by using the following expression:
where α ∈ {0, 1, 2, . . . , p − 1} and β ∈ {0, 1, 2, . . . , p − 1}. Therefore, different p 2 sequences can be generated by changing parameters α and β . These different p 2 sequences form a code family.
Step 2: A sequence of binary numbers C k (i) is constructed based on each generated number sequence y α,β (s) by using the following mapping method:
where i = 0, 1, 2, . . . , p 2 + p − 1, k = 0, 1, 2, . . . , p 2 − 1 and s = i/p . Here, k = p * α + β and x defines the floor function of x. Next, the procedure for generating binary sequence C k (i) using the number sequence y α,β (s) is shown in Figure 1 . The code sequences for parameters p = 3 are shown in Table 1 .
In each of these families, p 2 sequences exist in this MPC family, with the following properties: Table 1 . Sequences y α,β (s) and C k (i) for p = 3. 1. Each code sequence has p 2 + p elements that can be divided into (p + 1) groups, and each group consists of one "1" and (p − 1) "0 s".
2. Between any two sequences, the cross correlation λ is equal to 1.
For these properties, the first one can be easily obtained from the mapping means as explained in Step 2, and the second can be proved as follows:
Theorem. Let p be a prime number. Then the following congruent equation has one incongruent solution except when a 1 = α 2 and β 1 = β 2 where (p + 1) incongruent solutions exist:
Proof. When (α 1 = α 2 and β 1 = β 2 ), the two sequences are the same. Therefore, in this case, (p + 1) incongruent solutions can be obtained. To solve (3) under other conditions, substitute (1) into (3) and consider the following two cases:
can be written as
where
When (β 1 = β 2 ), only one solution exists, which is given by
When (α 1 = α 2 and β 1 = β 2 ), p solutions for s in (4-4) can be obtained, whereas when (α 1 = α 2 , and β 1 = β 2 ), no solution can be obtained.
2. When (s = p), then (3) can be written as
Only one solution exists for this equation when (β 1 = β 2 ), and its solution is s = p. Therefore, when (α 1 = α 2 and β 1 = β 2 ), (p + 1) solutions exist for s in (3), whereas when either (α 1 = α 2 and β 1 = β 2 ) or (β 1 = β 2 ), then (3) has one solution of s. So exactly one solution exists for s; moreover, if (α 1 = α 2 and
For a (N, w, λ ) code, the uplink-bound code size, denoted as U(N, w, λ ), can be expressed as the following, which is derived from [16] :
For MPC, N = p 2 + p, w = p + 1, and λ = 1, the code size can be calculated as
Therefore, an MPC code that has p 2 code sequences in each family is the optimal code that can be obtained.
SYSTEM DESCRIPTION
The block of spectral-amplitude OCDMA system is shown in [5, 17, 18] . In [18] , it can only use unipolar codes to implement coded because the receiver can only detect the energy of an optical pulse. In the proposed system, each RBS requires one spectral encoder in the transmitter and one decoder in the receiver. Only one AWG router was used to filter all wavelengths, which were then connected to the combiner according to the code for each RBS. Doing so made it easy to monitor the transmission wavelengths and manage power in the wavelength control station (WCS). It also increased system flexibility. In this study, the general case of the radio signal r(t) was considered. According to the radio signal, one incoherent broadband source performs to one port of the encoder by the intensity modulator that satisfies the spectral amplitude code to each RBS. In the receiver of each RBS, the all-RBS coded spectrum is split into two ports of AWG and accomplishes a differential detection of decoder. In the proposed system, two spectral filters of AWG were used to code and decode, respectively, and only one input port that could avoid waveguide mismatch between filters was used [19] . Figure 2 shows the diagram of the proposed RoF OCDMA system using an MPC. The transmitters and receivers were connected using an optical fiber and a star coupler whose dimension depends on its code size (e.g. the code length can support users to encode). Then, all RBSs' transmitted signals were collected in the star coupler and sent to the control station (CS). Figure 3 shows the proposed transmitters and AWG encoders. In each transmitter, intensity modulator was performed when the radio signal of each RBS was used for the analog or digital modulation of an incoherent broadband optical source whose spectrum has been filtered for the free spectral range (FSR) of the AWG router and incorporated to the combiner. Thus, the spectral codeword C k as optical carriers that take the radio signal will be transmitted when the light is directed into the first input port of the AWG router in the transmitter #k. The encoding was accomplished by using only one AWG router for all the RBSs. Table 2 shows that the modulator of the RBSs that transmit radio signal direct light to the first input port of the AWG router in their transmitter. For Transmitter 1, Output Ports 1, 5, 9, and 11 of the corresponding AWG router transmitted the radio signal to the intensity modulator. Thus, the transmitted radio signal with wavelengths of λ 1 , λ 5 , λ 9 , and λ 11 would be accomplished. On the other side, the radio signal of RBS 2 and 4 were not transmitted radio signals, and no signals were passed to the intensity modulator. After the encoding process, the coded spectral of C k became the optical carriers to take the radio signal and were modulated by the intensity modulator. Then, the signals were collected by the star coupler and sent to the CS. The received signal spectrum S is the summation of all RBSs' transmitted signal spectra:
where r k (t) is the k-th RBS's radio signal. Table 1 shows that the received S(ν) is equal to in-phase radio signals (s 1 , 0, s 3 , 0, s 1 , s 3 , 0, 0, s 1 + s 3 , s 3 , s 1 , 0). The AWG router-based decoders are shown in Fig. 4 . The star coupler was connected to the decoder's AWG router, which distributed the received signals to the balanced photodetectors of each CS decoder to realize differential decoding. Take receiver #k as the example; connections from the star couple to one input port of the AWG routers were determined by the C k code word. The received signal S coming from the star coupler was connected to the AWG router directly. It could reduce the loss by using the split device [19] and could also suppress the crosstalk beat noise of the AWG router [7] . The balanced photodetector of user #k would receive SC k in the upper photodetector and SC k in the lower photodetector. After the correlation subtraction of SC k − SC k is performed in the balanced photodetector, the radio signal for the RBS #k would be extracted, and other RBSs' interferences were rejected. Table 3 shows the decoding process for RBS 1 and RBS 4. Output ports 1, 5, 9, and 11 of the AWG router in CS Decoder 1 are combined to the combiner and multiplied by 3; then, connected to the upper photodiode, the Wavelength Chips 1, 5, 9, and 11 of the received radio signal S transmitted to the upper photodiode of RBS 1 obtains SC 1 = 3s 1 + 3s 3 unit power. Because of the cyclic property of the AWG router, the remaining wavelength of S was obtained from other output ports of the AWG router; therefore, the lower photodiode of RBS 1 obtained SC 1 = 3s 3 unit power. The differential photodetection results in SC 1 − SC 1 = 3s 1 units photocurrent and RBS 1 were used to determine that the radio signal was transmitted, as shown in Table 3a . Table 3b shows the similar decoding process in Receiver 4, with no signal transmitted. After receiving signal S, the balanced detector obtained SC 4 − SC 4 = 0 units of photocurrent, and it was determined that no Table 3 . The decoding process: (a) for decoder #1 and (b) for decoder #4.
radio signal was transmitted. In the proposed system, each RBS in the network can theoretically eliminate MAI from the other RBSs with a differential detection scheme. However, in actual implementation, the noise that arises during the detection process in the system must be considered.
PERFORMANCE ANALYSIS AND DISCUSSION
The performance of noise in SAC-OCDMA systems with flat power spectral density (PSD) of light sources in the coded bandwidth is mainly limited by PIIN because of the light from incoherent sources that interfere with the photodetectors, especially when the received power is great. The light source spectrum of each RBS is assumed to be unpolarized and ideally flat over a bandwidth ∆ν Hz with magnitude P sr ∆ν, where P sr is the effective power from a single source at the receiver. The PSD of the received optical in each input port of the AWG router can be written as
and u(ν) is the unit step function. The PSD at PD1 and PD2 of the upper and lower photodiodes for RBS 1 can be written as 
The variance of the photocurrent caused by PIIN is denoted as
where I is the average photocurrent, B is the noise-equivalent electrical bandwidth of the receiver, and the term τ c is the coherence time of the source and is expressed as
where G(ν) is the one-side PSD of the source. Thus, the power of PIIN can be written as
where R is the responsivity of the photo-diode. By using a method similar to that in [5] for the worst case scenario, the CNR caused by the effect of PIIN is
where I 1 and I 2 are two average photocurrents obtained from the balanced detector of receiver when the RBS transmits the radio signal. The CNR expression of the proposed system using MPC, and the conventional system using CWH codes, Walsh-Hadamard codes and M-sequence codes suitable for OCDMA spectral coding are listed in Table 4 , where K is the number of active RBSs, m is an integer not less than 2, and p is a prime number. In Fig. 5 , it can be seen that in conventional systems, the Walsh-Hadamard codes have smaller CNR than the M-sequence code when the code length N is short because of the code family's characteristic. It is clear that CNR of SAC-OCDMA with MPC is superior to that of conventional SAC-OCDMA with CWH code, Walsh-Hadamard code and M-sequence code (Fig. 5) . The parameters of incoherent broadband sources used here have a linewidth of 60 nm, a center wavelength of 1550 nm, and a noise-equivalent electrical bandwidth of the receiver of B = 80 MHz (for a bit rate of 155 Mb/s). By assuming that all the interference terms are Gaussian distributed, the conditional BER can be calculated from amplitude shift keying (ASK) modulations (i.e., by employing BER = 0.5erfc( CINR/8)), and the relationship of the BER and the number of active RBSs as a function of the length. Figure 6 plots the variation of the BER with the number of active RBSs as a function of the length of several codes. It can be seen that the BER of the conventional SAC-OCDMA using high cross correlation codes is poorer than that of the MPC-based coding technology, particularly in conditions where numerous RBSs exist. The reason for this is that when a great number of RBSs transmit their coding patterns simultaneously, more wavelengths beat together during the direct detection by the square-law PDs, and the PIIN becomes the dominate noise degrading BER performance. In addition, the performance of SAC-OCDMA system cannot be improved by increasing the code length of CWH, M-sequence, and Walsh-Hadamard codes. The tradeoff on several codes in the study between system complexity and performance can be considered in various RoF links; hence the system flexibility is increased.
CONCLUSIONS
An AWG router-based OCDMA network for RoF systems was proposed. With the proposed system design, intensity modulators that work with broadband light sources can be accomplished by using one AWG router; thus, a mismatch between network coders can be avoided. In addition, unlike an FBG-based system, the AWG router scheme does not exhibit a round-trip delay problem. In the case of an ideal system constructed by using the flattened source, the proposed system requires only two AWG routers for spectral encoding and decoding; thus, the dominant noise MAI in the RoF system and crosstalk beat noise in AWG routers can be suppressed. The advantage of AWG-router-based codecs is that it has no accumulation of insertion loss when the total number of RBSs is increased. The BER of the proposed system is numerically analyzed by taking the effect of PIIN into account. The results show that the BER of the proposed system is more reliable than that of other conventional OCDMA schemes in an RoF system.
